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ABSTRACT: The development of highly eﬃcient solar collectors requires modulating the light
interactions with the semiconducting materials. Incorporating luminescent species and metal
nanoparticles within a semitransparent polymeric material (e.g., polymethyl methacrylate
(PMMA)) leads to the formation of a plasmon-enhanced luminescent down-shifting (PLDS)
layer, which oﬀers a retroﬁttable approach toward expanding the wavelength range over which the
conversion process can eﬀectively occur. Adding antireﬂection coatings (ARCs) further controls the
spectral response. However, with each additional component comes additional loss pathways. In
this study, the losses related to light interactions with the PMMA and the ARCs have been
investigated theoretically using a transfer matrix method and experimentally validated. Two
proposed architectures were considered, and the deviations between the optical response of each
iteration helped to establish the design considerations. The proposed structure-enhanced (SE)
designs generated a predicted enhancement of 37 to 62% for the collection performance of a
pristine monocrystalline-silicon solar cell, as inferred through the short-circuit current density (Jsc).
The results revealed the synergies among the SE-design components, demonstrating that the
spectral response of the SEs, containing a thin polymer framework and an ARC, can be tuned to minimize the reﬂections, leading to
the solar energy conversion enhancement.
KEYWORDS: spectral conversion, light management, plasmonics, silicon solar cells, optical modeling, thin ﬁlms, luminescent down-shifting,
plasmonic luminescent down-shifting
alternative intricate architectures have been suggested.4,9 As
the complexity of the PV architecture continues to grow,
optical modeling starts to become the preferred tool to resolve
and decouple the complex physical phenomena aﬀecting the
energy harvesting. Often, the optical modeling is used for the
stratiﬁed structures to ﬁnd the optimum conﬁguration allowing
them to maximize their energy harvesting potential.2,3,14,15
Plasmon-enhanced luminescent down-shifting (PLDS) is an
experimental approach that could improve the narrow spectral
responsivity of PV technology through the incorporation of
adaptive materials. In this alternative approach, no alteration of
the intrinsic properties of the semiconducting material is
required to enhance the spectral properties of the PV
conversion process.16−19 In this strategy, the PLDS layer
captures solar energy from the targeted spectral region, where

1. INTRODUCTION
In the eﬀorts to modularize photovoltaic (PV) cells into largescale industrial panels, a series of polymeric and glass layers are
integrated into the panel architecture to provide a protective
shield from the harsh environmental conditions (temperature,
humidity, etc.).1 The encapsulating materials, typically a
combination of polymethyl methacrylate (PMMA) and/or
tempered glass derivatives, impinge upon the conversion
dynamics of the underlying PV technology.2−4 Consequently,
the addition of the encapsulants has a great inﬂuence on the
spectral response5 and short-circuit current density6 generated
within a PV device, particularly within the ultraviolet region
(300−400 nm), where PMMA exhibits a sharp spectral cutoﬀ.8
To counteract these additional losses, the fundamental
architecture of the photoconductive material is drastically
altered through surface passivation, surface texturing, or by
tailoring the material band gap dynamics through selectively
doping the crystal lattice.1,4,9,10 However, for each additional
processing stage implemented into the device design, the
fabrication costs grow.11,12 To continue the reductions
experienced in PV pricing,11−13 alongside with the continuous
improvement of the conversion eﬃciencies,11−13 various
© 2021 American Chemical Society
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Figure 1. (a) Schematic of the structure-enhanced plasmonic luminescent down-shifting (SE-PLDS) on top of the photovoltaic device. (b) The
two SE-PLDS architectures (i,ii) assessed and (iii) the spectral working principle of this type of device. The structural elements reﬂection proﬁle
(b.iiidashed black line) is customized to lead to a maximum intensity within the absorption window of the photoluminescent material employed
(b.iiiblue). At the same time, it will reduce the reﬂectivity across the photoluminescent material (luminophores) emission range (b.iiired) and
the high spectral responsivity window (b.iiigray-ﬁlled area) of the photovoltaic technology (in this case, mc-Si PV). (c) The schematic overview
of the steps performed to evaluate the properties and overall performance of the SE-PLDS structures to optimize the design of SE-PLDS devices,
where the PLDS layer was replaced by a pristine PMMA framework (i.e., containing no luminophores or MNPs).

the PV cell sustains “poor” spectral conversion performances
(295−500 nm) due to its ﬁxed band gap energy and the
unwanted associated thermal processes (“thermalization
losses”) that follow.20,61 The captured solar irradiance is
subsequently down-shifted and re-emitted via the process of
plasmon-assisted photoluminescence at higher frequencies.
This minimizes the spectral mismatch that exists between the
spectral responsivity of the PV cell and the energy distribution
throughout the solar spectrum. Consequently, more photons
are capable of impinging the PV cell at an energy that more
closely matches the band gap of the PV material, and thus, a
larger photocurrent is produced.20,61
Replacing the inactive encapsulating material with a
(semi)transparent framework (Figure 1), doped with selectively absorbing species that modulate the solar spectrum,
improves the losses stemming from the parasitic absorption
exhibited by PMMA or other encapsulating materials.3,15
Through the addition of metal nanoparticles (MNPs) within
the encapsulating layer, a higher degree of control and
promotion of the photoluminescent behavior of the embedded
luminescent material can be achieved.21 Thus, the strong
electromagnetic ﬁelds are formed on the surface of the MNPs.
These ﬁelds not only can alter the photoluminescent properties
of the polymer but also advantageously attune the physical
properties of the nanocomposite encapsulant.22−25 However,
the nonideal optical properties exhibited by most encapsulating
materials (e.g., a typical refractive index n ≈ 1.4−1.6), in
combination with the myriad of additional loss mechanisms
introduced through the presence of the luminescent material

and MNPs, require further improvement from the classical
PLDS approach.
Typically, the inﬂuence of each PLDS iteration on the solar
energy conversion abilities of a PV cell are experimentally
determined through a successive series of trial and error.3,15
This implies ﬁtting each combination of encapsulant,
luminescent material, and MNP directly onto a PV structure
and recording the diﬀerence in the acquired performance.3,15
In this context, the enhancements resolved in the PV device
performance are including the contributions stemming solely
from the optical properties of the materials as well as the
contributions that arise as a consequence of the modulation of
the incoming solar irradiance through plasmon-assisted
photoluminescence. Consequently, the extent to which each
one of these contributions imparts the electrical conversion
eﬃciency of the PV architecture has been typically overlooked
in the pursuit of examining their combined inﬂuence.6,7
However, by decoupling the various optical interactions and
investigating their individual inﬂuence on the optical behavior
and corresponding conversion performance of PV devices, the
premises to further optimize any collaborative and complementary interactions that may arise among the individual
elements (PV structure, encapsulant, luminophore, MNPs) can
be oﬀered.7 Various modeling approaches allowing the
inﬂuence of the PLDS layer optical properties on the electrical
characteristics of a pristine PV have been developed over the
years to explore the interactions that can occur within these
complex optical structures.7,26−28 These approaches are using
either wave-based optical relationships or more probabilistic
photon-based methods to allow them to calculate the
2513
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inﬂuence of the layer’s spectral properties, optical thickness,
and LDS properties, the energy transmitted into the coupled
PV cell can be either increased, or alternatively, the energy
losses can become intensiﬁed. This leads to the requirement
for further revisions in the PV assembly design. The primary
mechanism that is responsible for promoting the dominance of
an overall negative enhancement in the conversion performance of an LDS-ﬁtted PV device originates in the nonideal
optical properties of the photoluminescent materials currently
available. The material limitations can be further compounded
by the fact that most encapsulating materials employed in LDS
applications exhibit some degree of susceptibility to photoirradiation and/or absorb irradiation from within the spectral
range targeted by the LDS species.3,7,15 Moreover, the low
refractive index (n = 1.2−1.6) of the encapsulating materials
typically used until now in manufacturing the LDS devices
leads to additional reﬂection losses, which are occurring at the
air−PLDS and PLDS−PV interfaces.3,15 These supplementary
reﬂection losses are also introduced by the mismatch between
the antireﬂection coating (e.g., the textured surface or a
panoply of thin ﬁlms aiming to maximize the solar energy
collector abilities) formerly integrated into PV architectures
and the PLDS layer added.32,33 These loss mechanisms does
not take into account the control oﬀered over the nanomaterials (e.g., metal nanoparticle) utilized in PLDS devices,
which could be used to improve the optical characteristics of
the photoluminescent material.7,21
The incorporation into the PLDS architecture of additional
optical structures (e.g., simple ARCs as in Figure 1a) could
alleviate some of these loss mechanisms.30,31 The structureenhanced PLDS (SE-PLDS) architecture oﬀers the possibility
to decrease the reﬂection losses that arise due to the signiﬁcant
diﬀerence between the refractive index of the commonly used
encapsulants (e.g., polymers) and the underlying substrate.
The ARC design and, consequently, the optical properties of
the SE-PLDS structure (see Figure 1b.i,ii) can be tuned to
maximize the reﬂectivity close to the absorption peak of the
photoluminescent materials (Figure 1b.iiiblue).
Thereby, this can allow for the potential recycling of the
photons that did not previously undergo photoluminescence
(Figure 1b.iii). In addition, restraining the structure’s
reﬂectivity along the region where the responsivity window
of the PV collection system (Figure 1b.iiigray) is the highest
will ensure that most of the photons within this spectral range
that are reaching the device will lead to the production of
photogenerated charge carriers. Combining these structures
with metal (e.g., silver or gold) nanoparticles embedded within
the host polymer can lead to a design that is able to
compensate for the loss mechanisms that occurred by adding
the PLDS/LDS layer.7 Moreover, they could oﬀer the
possibility of increasing the longevity of such retroﬁtted
devices.34 To understand the implications of adding each new
optical element into such a complex stratiﬁed SE-PLDS device,
the number of design considerations must be reduced
accordingly. In this context, this paper will examine only the
synergies that are established between the host polymeric
matrix (in this case PMMA) and the ARC’s presence and how
they aﬀect the spectral properties of the device and the
eﬃciency of the PV cell.

fundamental properties and the performances of the modeled
optical system.26−29 The PLDS approaches, in conjunction
with the capability of antireﬂective coatings (ARCs) to
suppress the optical reﬂection losses arising from the front
surface of a device and/or act as wavelength-selective highly
reﬂective surfaces, oﬀer further means of alleviating the
additional losses introduced through the PLDS layer.7,30,31
However, the presence and the functionality of the PLDS
devices relies upon the existence of a series of synergies
between the luminophore and the antireﬂective coatings. Thus,
the optical properties produced by the complex conﬁguration
of encapsulating frameworks and ARCs, in general, can help or
hamper the beneﬁt of having the luminophore and the MNPs
embedded in the host polymer matrix. Therefore, it is essential
to ﬁrst investigate and establish the impact of the host polymer
on the resulting spectral properties, prior to the addition of the
diﬀerent other species (e.g., luminophores, nanoparticles, etc.)
or thin ﬁlms, which will modulate the solar irradiance via
PLDS. Under this scenario, the conversion eﬃciency of the
solar collection system can be maximized as each new element
will be introduced in the design. For an appropriate
understanding of the behavior of these complex designs, a
combination of theoretical and experimental approaches is
required.
Here, the impact of simple single-layer ARCs and of a
polymer-encapsulating layer on the optical and electrical
properties of a pristine monocrystalline-silicon (mc-Si) PV
was experimentally investigated and theoretically modeled
using a generalized transfer-matrix-based method. For the
structures examined, optical materials that are frequently
implemented as highly transparent (thin-ﬁlm) ARCs were
used. Through the successive experimental fabrication and
optical characterization of diﬀerent polymeric-encapsulated
and thin-ﬁlm structures, the outputs generated by the model
were correlated to performances achieved under laboratory
conditions. This enabled for the divergences between the
expected (modeled) behavior and the actual (measured)
behavior of the devices to be quantiﬁed, resolved, and utilized
to recalibrate the performance metrics employed in the
modeling environment. The ARCs’ ability to modulate the
optical interactions was investigated and optimized prior to
their insertion in the proposed structure-enhanced (SE)
devices. The inﬂuence of each design component (PMMA
layer, thin-ﬁlm (i.e., ARC)) on the overall performance of the
SE-device was explored by developing and characterizing,
experimentally and theoretically, two possible designs of the
SE-device. The inﬂuence of the coatings’ composition,
conﬁguration, and optical thickness on aﬀecting the conversion
eﬃciency of the PV system was investigated to maximize the
amount of “clean” electricity that was produced in the SE
conﬁguration. The diﬀerences among the conversion eﬃciencies obtained by adding purely an ARC, the PMMA
encapsulant, and the SE-designs were surveyed using the
calibrated model. Finally, the study establishes the framework
for the initial design requirements for passive SE-devices,
which can oﬀer a solution in enhancing the PV cells’
eﬃciencies. Such SE-devices could lead to eﬃciency values,
which can be beyond those achieved when conventional PLDS
approaches are used.
1.1. Structure-Enhanced Devices. In the process of
integrating an LDS layer onto a PV collection system, a
cascade of additional optical pathways is created within the
encapsulated PV structures.14 Through the cumulative

2. EXPERIMENTAL AND MODELING METHODS
2.1. Modeling the SE-Devices. In this study, the architecture of
the solar cell assembly investigated two layers, an optically thick
2514
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polymer layer (10−100 μm) and a thin-ﬁlm ARC component (20−
200 nm) as presented in Figure 1b. The ARC component can be
located directly on top of the PLDS (Figure 1b.i), or it can be inserted
between the substrate (Figure 1b.ii) and the down-shifting layer (see
also ref 7). The down-shifting layer (which, typically, is homogeneously doped with a luminescent material and/or MNP) was
modeled as a pristine PMMA ﬁlm.7 In this scenario, the scattering and
the absorption contributions from the MNPs (and the luminophore)
are not considered in the modeling environment. However, the
inclusion of these optical interactions, and their subsequent eﬀect on
the deviations inserted in the modiﬁed refractive index of the
polymeric encapsulant PMMA, has been shown to increase the energy
harvesting potential of similar stratiﬁed structures, under concentration-dependent conditions.7 Therefore, to enable the possible
synergies that can exist between the polymer (here, PMMA) and the
various ARCs to be resolved and quantiﬁed, these interactions were
not considered in the optical model. This approach also allows for the
remaining optical elements (luminophore and MNPs) to be
introduced in a systematic manner at a later stage; however, such
considerations are not within the scope of the present work.
Consequently, in the model, the SE-devices are eﬀectively simulated
as a PMMA (nonﬂuorescent)-coated PV architecture, which
integrates a single-layer ARC either above or below the PMMA
layer (Figure 1b.i,ii). During the design process, a wide range of
materials were inserted into single-layer ARC components within the
SE-device. Thus, materials such as zinc oxide (ZnO), aluminum zinc
oxide (Al-ZnO), titanium dioxide (TiO2), and indium tin oxide
(ITO) were investigated. A complete description of the refractive
index of the optical materials and their extinction coeﬃcients are
presented in the section 1 of the Supporting Information.
In the modeling approach, the multilayered structure is considered
to have isotropic optical properties, and the input parameters for each
material were the refractive index (n), extinction coeﬃcient (k), and
optical thickness (d).7 A generalized transfer matrix model (TMM)
was implemented to determine the reﬂectance and transmittance
spectra with the detailed description of the model being presented in
refs 35 and 7. Monocrystalline silicon (mc-Si) was chosen as the
photovoltaic substrate for the SE-devices, and the spectral response
was experimentally measured, the solar energy conversion performance of the SE-PLDS devices being assessed under a AM1.5G solar
spectrum35 (for further details, see ref 7).
2.2. Optimizing of the Inﬂuence of the ARC. An optimization
process was developed for the ARC component; its full description
being presented in ref 7. Typically, an eﬀective ARC will minimize the
structure’s overall reﬂectance within the visible spectral region, where
the PV cells are highly eﬃcient.3,7,36−39 The electrical contributions
resulting from the light conversion can be wavelength-dependent
Figure 1b.iii.7 Therefore, the internal quantum eﬃciency (IQE) of the
PV must be considered during the design step.40 For practical
applications,41 (see ref 7) the computable eﬀective weighted average
reﬂectance (Re) metric (eq 1) is more convenient to be used in
studies similar to the one considered here7,39,41

well-reﬂected by the short-circuit current density (Jsc).7 These
assumptions are supported by other experimental studies on ARCs
examined on both encapsulated (additional air/glass interface) and
nonencapsulated monocrystalline-silicon (mc-Si) solar cells.7,40 Thus,
while Jsc increased even by 25%, the open circuit voltage remained
relatively constant (∼2% increase being seen).7,49,46 The deviations
introduced into the Jsc under the design iterations considered can be
directly correlated to variations in the electrical power of the mc-Si
cell.59 Therefore, here, only on the variation within Jsc given by eq
27,40,46 will be considered

Jsc =

T(λ)·Φ(λ)·SR(λ)·dλ

ij J (device) − J (pristine) yz
sc
zz
Jsc enhancement = jjjj sc
zz
j
z
J
(pristine)
sc
k
{

(2)

(3)

where Jsc (device) is the short-circuit current density delivered using
an SE architecture, and Jsc (pristine) represents the short-circuit
current density of the unaltered pristine (i.e., as received from the
manufacturer) mc-Si PV cell.7
2.4. Model Validation. An overview of the model validation
process (which contained modeling and experimental components) is
provided in Figure 1c. This overview highlights the individual aspects
of the evaluation process used to optimize the design of the SE-device.
The output generated from the transfer matrix model (theoretical
modelFigure 1c) can be classiﬁed to operate via two distinct
predictive pathways: (1) the determination of the structure’s
reﬂection spectrum and (2) the enhancement in the Jsc achieved
through the subsequent ﬁtting of the structure onto the PV substrate.
Each mechanism was independently investigated through the
deposition and subsequent optical and electrical characterization of
single-layer ARCs comprised of ZnO, Al-ZnO, ITO, and TiO2
deposited across two diﬀerent substrate materials (commercial mcSi PV cell, untreated Si wafer). The resulting structures’ reﬂection
spectra were characterized using the methodology outlined in Section
2.4.2 to ensure that the reﬂection properties of the material library
considered (inputsFigure 1c) were accurately represented within
the modeling environment. This validation ensured that any insights
into the correlation between the reﬂection suppressive behavior of the
ARC (incorporated into the SE-device designs) and the improvements reported reﬂected a true enhancement in device performance.
The conversion performance aspect (characterizationFigure 1c) of
the validation process was facilitated through the adoption of
relatively inexpensive substrates for the layer deposition, namely an
untreated silicon wafer (“control” sample). The “control” sample was
subjected to the same speciﬁc deposition parameters utilized to coat
the commercial grade mc-Si cells (Big Sun Community Solar, San
Antonio, Texas, USA) employed in the comparison of the model’s
eﬃciency enhancement metric. The reﬂection spectra, generated
using the model, were based upon the thickness values derived from
measurements made using ellipsometry (Horiba Jobin Yvon Universal
ellipsometer with accompanying Delta Psi software suite) and stylus
proﬁlometry (Veeco Dektak 6M, Veeco Instruments Inc., USA). This
information (see Figure S2) along with a brief discussion of the
importance of accurately representing the materials utilized in the
modeled architectures is provided in the Supporting Information. The
spectral features, observed in the reﬂectance spectra registered, were
compared with those produced by the model, until both spectra (the
measured spectra and the simulated spectra) were in agreement
within the conﬁnes of statistical signiﬁcance. The operational ARCﬁtted mc-Si devices were characterized experimentally using the setup
and protocol outlined in Section 2.4.3 with the order of merit dictated

1

λ

1

λ2

where Φ(λ) is the photon ﬂux under the AM1.5G spectrum, and
SR(λ) is the spectral response of the photovoltaic material. Eq 2
permits to connect the reﬂectivity R(λ) and absorption A(λ)
characteristics and the overall device’s electrical performance.7,40,44
Consequently, the Jsc enhancement (%) generated by the antireﬂective structure addition can be estimated using eq 37

∫λ 2 I(λ)·R(λ)·dλ
∫λ 2 I(λ)·dλ

∫λ

1

λ

Re =

Article

(1)

where I(λ) is the spectral irradiance from the AM1.5G spectrum,36
and R(λ) is the structure reﬂectivity at the given wavelength;41 λ2 and
λ1 are the upper and lower limits of the spectral response, respectively.
For mc-Si PV cells like those used in this study, the spectral response
is 300−1100 nm.7,20
2.3. Current Density Enhancement. To evaluate the eﬀect of
each design iteration on the conversion eﬃciency, the spectral
irradiance characteristics should also be considered during the
optimization process.7,42,43 Optimizing the antireﬂective element
design requires the photocurrent produced under the AM1.5G
spectrum to be maximized.7,40,44,45 Assuming that other electrical
parameters of the PV cell remain unchanged during the optimization
of the ARC’s structure, the changes in photogenerated current are
2515

https://doi.org/10.1021/acsaelm.1c00018
ACS Appl. Electron. Mater. 2021, 3, 2512−2525

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

by a comparison of the simulated evaluation of the structure’s
performance and its performance under experimental conditions.
2.4.1. Sample Preparation. The PMMA-coated devices were
fabricated using spin coating. For a typical preparation procedure, a
50:50 weight percentage solution of the polymer resin (PLEXIT 55
RÖ HMCarl Roth Ltd., Karlsruhe, Germany) was mixed with highpurity pristine dimethyl sulfoxide to form the solution for casting the
encapsulant. The resulting solution was vigorously agitated via
magnetic stirring at 400−600 rpm for 1 h under ambient conditions
to ensure that the solvent was homogeneously dispersed throughout
the resin and that no trapped air remained, prior casting the material
for spin coating. Consecutively, using a syringe, 1 mL of the solution
was displaced at the center of a stationary mc-Si cell (Big Sun
Community Solar, San Antonio, Texas, USA), which was secured into
the housing of a G3-P8 spin coater (Specialty Coating Systems Inc.,
Indianapolis, USA) and then subjected to a spin speed of 4000 rpm
for 180 sallowing 10 s for the spin-up and spin-down process. The
resulting devices were placed onto a hot plate at 50 °C for 30 min to
initiate the annealing process. This initial annealing stage served to
remove the inherent stress built up in the PMMA layer throughout
the spinning process and improve its optical transparency. In addition,
a second annealing stage was employed to further ensure that any
remaining solvent or stresses that had been introduced into the
polymeric network were minimized or completely removed prior to
characterization. In this second annealing stage, the devices were
placed inside a Gallenkamp (Gallenkamp & Co. Ltd., Birmingham,
United Kingdom) vacuum oven set to a pressure of 100 mbar and
temperature of 25 °C for 24 h. This series of steps was repeated for
the diﬀerent substrate materials utilized throughout this study.
The thin ﬁlms acting as ARC’s were sputtered under identical
conditions on mc-Si cells and on the control sample. In particular, the
samples were positioned in a sputtering system with a vertical target−
substrate conﬁguration, the target−substrate distance being ∼70 mm.
The samples were secured onto a rotating disk kept at room
temperature. Prior to deposition, the control samples were cleaned
with deionized water and ethanol in an ultrasonic bath for 15 min.
Mask-sputtering was used to cover a small area (10 × 10 mm) of the
mc-Si (see Figure S3a) and of the control sample (see Figure S3b)
during the deposition. The sputtering depositions were made in a
reactive atmosphere using In/Sn (90%:10%), Zn, and Ti targets (Kurt
Lesker). The deposition rates used during the deposition were 13
nm/min for ITO ﬁlms (p = 9 × 10−3 mbar, I = 30 mA), 23 nm/min
for ZnO ﬁlms (p = 9 × 10−3 mbar, I = 100 mA), and 4.8 nm/min for
TiO2 (p = 9 × 10−3 mbar, I = 100 mA). After the depositions, the ﬁlm
thicknesses were measured using proﬁlometry and ellipsometry and
used to validate the model as previously mentioned.
2.4.2. Reﬂection Measurement. Reﬂection measurements were
carried out using the reﬂection spectroscopy setup that is outlined in
Figure S4. The reﬂectance spectra measured served as a comparative
to ensure the accuracy and reliability of the spectra derived through
the transfer matrix model. Light generated by an Ocean Optics
deuterium−hydrogen (DH-2000-BAL) lamp, coupled via a highsensitivity 600 μm thick reﬂectance probe, provided the illumination
for the sample. The sample was housed within the Ocean Optics
RPH-1 reﬂectance holder, with all of the measurements carried out
under normal incidence. The light reﬂected from the sample was
coupled into an Ocean Optics Flame UV/vis/NIR miniature
spectrometer via an accompanying connection provided by the
reﬂectance probe. The system was calibrated using a diﬀuse
reﬂectance standard WS-1 (Ocean Optics). A series of independent
measurements (∼10−15) were performed across each sample surface
to check and ensure that any variability in the sample thickness and/
or in the uniformity of the ﬂuorophore dispersed throughout was
accurately reﬂected in the spectra acquired.
2.4.3. Current−Voltage (I−V) Characterization. The fundamental
solar cell characterization technique is the measurement of the cell’s
eﬃciency under the standardized ASTM E1021-15 test conditions.36
Considering the strenuous control required by a system to achieve
and maintain these operating conditions, most measurements are
carried out under custom-made test rigs (Figure 2) that approximate

Article

Figure 2. Schematic of the setup used to perform the characteristic
current−voltage (I−V) measurement with all of the key components
highlighted.
these standardized conditions.47,48 The eﬃciencies reported utilizing
such a setup served to form an intercomparison between the cells
characterized under the exact same conditions (irradiance, intensity,
temperature, and beam size). In this manner, the conversion
eﬃciencies of alternative cell designs, including PMMA and/or
ARC-ﬁtted devices, were compared to the unmodiﬁed pristine cell’s
performance. The technique involved evaluating the junction’s
performance and quality under artiﬁcial loading conditions through
alteration of the potential applied across the cell. Monitoring the
resulting photocurrent generated within the cell, through the
implementation of a suitable source meter, such as that shown in
Figure 2, enables the cells distinctive I−V response curve to be
measured. The performance metrics commonly used to convey the
quality of a cell including maximum power, ﬁll factor, and overall
eﬃciency are derived from this curve.49
For a typical measurement, devices’ (i.e., pristine or PMMA and/or
ARC-ﬁtted devices) 2 × 2 cm monocrystalline-silicon solar cells (Big
Sun Community Solar, San Antonio, Texas, USA) were used. The
cells were ﬁtted onto glass substrates in order to ensure they remained
completely ﬂat throughout the measurement. The substrates were
then carefully placed within a sample holder (shown in Figure 2),
which further secured the devices throughout the measurement while
also ensuring that the aperture diameter of the incident beam was
maintained at 10 mm throughout the measurement. Consequently,
only the signal collected from an area of 10 × 10 mm contributed
toward the recorded electrical values. In addition, to mitigate the
inﬂuence of the irradiated area being reduced through the presence of
busbars and the local ﬂuctuations in conversion performance
experienced across the surface area of the PV devices, each
measurement was independently repeated three times.
For each measurement, the substrate was secured in the sample
holder by ensuring that a similar set of busbars (see Figure S3a)
remained parallel to the periphery of the aperture. Similar size areas
were used to measure the response of thin ﬁlm coated and uncoated
(i.e., pristine) mc-Si cell (see Figure S3a). This alignment was
considered for each successive measurement of the area of the cell
that was exposed. Diﬀerent points on the cell’s surface were
investigated to account for the localized ﬂuctuations in the crystal
properties. The results presented here represent an average of these
measurements. A Kiethley 2400 source meter (Keithley Instruments,
Cleveland, Ohio, USA) was used to perform the measurements, with
the resulting I−V curve generated through a LabVIEW interface.

3. RESULTS AND DISCUSSIONS
3.1. Modulating the Reﬂection Suppression Capabilities of Simple Antireﬂection Elements. Before the
optical and electrical behavior of the SE PV systems could be
accurately modeled, it was ﬁrst necessary to demonstrate the
behavior of each individual design component (PV cell,
polymeric encapsulant layer, and the antireﬂective coating)
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Figure 3. (a) The reﬂection spectra as generated using the computational model for diﬀerent single-layer ARCs, which were designed to perform as
a λ/4 ﬁlm at λ0 = 600 nm, and (b) the change in the reﬂectance at λ0 = 600 nm for materials with various refractive indexes (n). The ideal ARC
material is emphasized. (c) The eﬀective weighted average reﬂectance (Re) as determined by the variation in ARC thickness at λ0. (d) The
predicted Jsc enhancement for each ARC placed onto a pristine mc-Si PV cell. The error bars represent the enhancement deviation obtained using
diﬀerent values of material thickness. The legend for the entire ﬁgure is presented in ﬁgure (c).

ability of single-layer ARCs composed of common optical
materials to suppress the reﬂection losses arising from the front
surface of the PV device.
It can be observed from Figure 3a that selecting even a
single-layer ARC to be included in the SE-designs facilitates
the suppression of reﬂections over a relatively large (250−300
nm) spectral bandwidth. Furthermore, through the subtle
modiﬁcation of the thin-ﬁlms’ optical thickness, this spectral
bandwidth can be controlled. The optical thickness of an ARC
is typically expressed as the wavelength (λ0) at which the
ﬁlm(s) are designed to perform as a quarter-wavelength thick
optical medium,35 and it is calculated using the optical
materials refractive index (n) at the given wavelength.35
Additionally, Figure 3a highlights that irrespective of the
ARC’s optical properties, the reﬂectance of the PV device
becomes dramatically diminished, especially within the 450−
1100 nm spectral window. Adapting the optical thickness of
the ARC to 600 nm enabled the highest performance to be
elicited from the PV material. This behavior derives from the
combination of the spectral distribution of the irradiance
within the solar spectrum and the spectral responsivity of the
mc-Si substate, the product of which is maximized at the

within the overarching composite device (characterization
stage in Figure 1c). The evaluation process was broken down
into three distinctive aspects: (1) the assessment of the optical
tunability oﬀered through single-layer ARCs and their
subsequent impact on the electrical performance of the PV
cell, (2) the veriﬁcation of the model’s predictive capabilities
when describing the optical and electrical behavior of the
various materials encountered throughout this study, and (3)
the determination of the possible enhancement in the
conversion eﬃciency achievable with the SE-device designs
considered and developed herein.
3.1.1. Optical Behavior of Single-Layer ARCs. Silicon (Si)
in its pristine and untreated form endures a substantial 35−
40% loss in light-collection eﬃciency (Figure 3a, broken black
line) over the spectral region where the semiconducting
material exhibits peak conversion eﬃciencies, i.e., the 450−
1100 nm spectral bandwidth. An intensiﬁed reﬂection loss of
55−60% (Figure 3a, broken black line) arises over the
ultraviolet spectral region (300−400 nm) and stems from
silicon’s considerably high refractive index within the
narrowband of frequencies,50 and thus, it dominates the total
losses of the untreated PV device. Figure 3a also highlights the
2517
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Figure 4. Comparison between the reﬂectance spectra derived using the transfer matrix model (broken red line) and the reﬂectance spectra
determined experimentally (black solid line) for a number of diﬀerent types of material: (a) pristine untreated silicon, (b) pristine 10 μm thick
polymethyl methacrylate, also known as PMMA, (c) zinc oxide (ZnO), (d) aluminum zinc oxide (Al-ZnO), (e) indium tin oxide (ITO), and (f)
titanium dioxide (TiO2). A schematic of each structure is included in the insets.

central band of frequencies surrounding this wavelength.
Furthermore, by monitoring the inﬂuence of the variation of
the refractive index of the ARC material onto the changes in
the reﬂectance at a ﬁxed wavelength of 600 nm (Figure 3b),
the enhancement and the subsequent need for optimization of
the coating through the careful selection of the optical material

becomes clear. For single-layer ARCs, this translates to an ideal
refractive index of ∼1.97, which is closely matched by an
indium tin oxide (ITO) layer. Moreover, they must also
accommodate a favorable combination of chemical, physical,
and mechanical attributes.51
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Figure 5. (a) The divergence in the reﬂectance spectrum exhibited by untreated pristine silicon (pristine Si, broken black line), a commercial highgrade monocrystalline-silicon photovoltaic cell (mc-Si PV cell, black squares), and a similar antireﬂective-ﬁtted mc-Si device designed to replicate
the optical and electrical behavior of the commercial PV cell (modeled PV cell, red triangles). A direct comparison between the eﬀective weighted
average reﬂectance (Re) of the commercial PV cell and the modeled PV device is additionally provided in the inset. (b) The short-circuit current
density (Jsc) of the physical devices fabricated and measured experimentally (black squares) and the corresponding behavior of the imitated device
(red triangles) when ﬁtted with the same series of antireﬂection coatings (ARCs). A scanning electron microscope (SEM) image of the mc-Si PV
cell front surface is provided in the inset. (c) Experimentally determined external quantum eﬃciency (EQE) of the PV cell when equipped with the
diﬀerent ARCs or polymer (PMMA) coatings, and (d) their corresponding reﬂection spectra as measured experimentally.

light into the mc-Si cell in response to an amending thickness
of the single-layer ARC. Figure 3c conﬁrms the notion that
selecting the right material for the AR component can result in
a substantial decrease in the spectral losses of the PV device. A
decrease in the Re value was observed from 0.35 for pristine
(Figure 3cdashed black line) to 0.15 ± 0.04 for ITO (Figure
3cblack circle) or to 0.17 ± 0.04 for TiO2 (Figure 3ccyan
triangle). Consequently, this can lead, respectively, to a 68 to
43% enhancement in the electromagnetic radiation transmitted
to the PV substrate (Figure 3c). Through the optimization of
the ﬁlm’s thickness to act as a quarter-wavelength thick optical
medium at 600−650 nm, this enhancement was pushed as high
as 69% (ITO, Figure 3c). The controlled modiﬁcation of the
PV device’s optical properties resulted in a 31% (ITO) to 55%
(ZnO) increase in the Jsc generated within the photoconductive material, in comparison to the untreated pristine
PV architecture (Figure 3d). The main limitation aﬀecting
single-layer ARC designs is their limited ability to oﬀer
reﬂection suppression only over a single and relatively narrow
band of frequencies. To eﬀectively target a much wider range

Thus, through the selection of a material, whose refractive
index closely aligns with the optimal 1.8−2.2 range identiﬁed
in Figure 3b, the reﬂection losses can be largely suppressed.
However, the optical materials utilized in an ARC must not
only possess a suitable refractive index but also be highly
transmissive across a broad range of wavelengths. This includes
chemical, optical, and mechanical stability under the intense
solar spectrum for prolonged periods of time, readily
achievable adhesion to the Si substrate, little or no reactivity
with other thin-ﬁlm materials, and the absence of a tendency to
crack under mechanical stress.51 Deposition of the AR
material(s) should also be completely compatible with the
state-of-the-art solar cell manufacturing and processing
techniques. The materials selected and investigated in this
study are fulﬁlling most, if not all, of these design requirements.
The magnitude of the reﬂection losses originating from the
front surface of the PV device can be further alleviated through
complementing the choice of design material(s) with the
appropriate optical thickness (λ0). Figure 3 emphasizes this
ability of the ﬁtted PV device to couple more eﬀectively the
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The diﬀerences between the behavior of the modeled and
actual PV devices are expected, as the fundamental nature of
the interactions of light with the highly ordered textured
surface (shown in the inset of Figure 5b) are unaccounted for
in the modeling environment. Additionally, the “class A” solar
simulators for the AM1.5G spectrum (utilized to simulate the
natural climate conditions in the modeling environment) can
have tolerances of ±25% under the standardized testing
guidelines.15 Consequently, the spectral mismatch between the
spectral irradiance provided to the modeled and experimental
devices could have inﬂuenced the resulting current densities
generated. Furthermore, in the simpliﬁcation of the calculations involved in modeling the PV devices, a number of
additional loss pathways (including back surface reﬂection
losses, band oﬀsets, changes in the sheet and serial resistance,
thermalization losses, and the possibility of “poor” electrical
contact as a result of preparing the cells for indoor
characterization) were excluded from the analysis. Consequently, by comparing the photocurrent generated within the
modeled PV architecture (which includes contributions from
the surface-textured ARC) with the current density delivered
by an untreated silicon device, the increase in the collection
eﬃciency stemming from the surface texturing can be
determined. Thus, the integration of the surface-textured
ARC (highlighted in the inset of Figure 5b) enhances the
collection eﬃciency of the untreated silicon from 19.6 to 30.8
mA cm−2 (Figure 5bmc-Si PV cell).
However, it should be noted that this short-circuit current
density does not include the reduction in eﬃciency that is
expected to arise once an additional optical layer (either an
encapsulant or an ARC) has been ﬁtted directly on top of the
already present textured coating. Indeed, when an additional
optical structure (as those presented in Figure 5c) has been
deposited on top of the textured mc-Si cell, a reduction in the
number of charge carriers that was produced across the
spectral response range of mc-Si was noted (see Figure 5c).
This behavior is expected to stem from the disruption of the
antireﬂection properties exhibited by the textured surface of
the mc-Si cell. The magnitude of the deviations introduced
into the external quantum eﬃciency (EQE) of the resulting PV
devices was relatively small for the addition of the ARCs
(0.02−0.05).
The incorporation of relatively thick PMMA encapsulant
resulted in a signiﬁcant deterioration (0.10−0.15) in the EQE
across the entire 300−1100 nm range (Figure 5c). The origin
of the reduction witnessed in the EQE is also likely to coincide
with the distribution of the antireﬂective properties of the
textured coating, and indeed, an abrupt change in the reﬂection
spectrum upon the addition of the polymeric layer was
observed (Figure 5d). The magnitude of the deviations
introduced into the external quantum eﬃciency (EQE) of
the resulting PV devices was relatively small for the addition of
the ARCs (0.02−0.05). Consequently, the presence of a
protective encapsulation layer for most commercial PV
applications that are based upon the mc-Si architecture (like
the one utilized in this study) can lead to a 10−15% reduction
of charge carriers that are created across the response range of
the PV material. This deterioration in the conversion
performance of mc-Si can be signiﬁcant considering that the
typical thicknesses of the encapsulation employed in
commercial mc-Si modules are orders of magnitude greater
(e.g., ∼5−20 mm) than in the conﬁgurations explored in this
study. This result demonstrates the need to reconsider the

of frequencies within the solar spectrum and leverage the
power of multiple diﬀerent types of AR materials, the
architecture of this simplistic design must be adapted to
include more than one AR layer.
3.2. Model Validation. 3.2.1. Optical Properties. The
structures represented within the modeling environment were
assumed to exhibit a complete uniformity of their optical
properties (refractive index, optical thickness). The close
agreement between the modeled and measured reﬂectance
spectra shown in Figure 4 ensured the suitability of the TMM
to eﬀectively handle the more complex optical designs of the
SE-devices.
3.2.2. Short-Circuit Current Density Component. Considering that the TMM in its generalized formalism cannot
accurately describe the optical behavior of a structured/
textured PV architecture,52 it was essential to ﬁnd a suitable
multilayered structure that could eﬀectively imitate the spectral
and electrical characteristics of this type of PV architecture.
The ultralow reﬂectance (<2%) achieved with the most
commercially mature textured/structured Si architecture is
demonstrated in Figure 5a (mc-Si PV Cell) and shows almost
complete suppression of the reﬂection losses over the 300−
1100 nm range. Recreating this optical behavior in its entirety
using only planar optical interfaces of diﬀering refractive
indices can be challenging but not impractical. The modeled
PV architecture, which was used to emulate the optical
behavior of the surface-textured mc-Si cell (Figure 5
modeled mc-Si PV cell), was composed of ﬁve distinct thin
ﬁlms, each of which was composed of idealized optical
materials35 whose refractive index and optical thickness were
attuned to suppress reﬂections at a wavelength of 600 nm.35
Starting from the Si substrate, the ﬁve layers considered in the
model had the following refractive index n and thickness t: n1 =
3.09, t1 = 49 nm; n2 = 2.47, t2 = 61 nm; n3 = 1.97, t3 = 76 nm;
n4 = 1.57, t4 = 96 nm; n5 = 1.25, t5 = 120 nm. Through utilizing
this theoretical multilayered design, a reﬂectance spectrum
approximately matching that of the commercial grade mc-Si
cell was obtained (Figure 5, imitated PV cellred triangles).7
However, a reﬂectance loss of 5−25% remained over the 300−
450 nm range for the emulated architecture. Coincidentally,
this narrow band of frequencies is within the spectral range
where the luminophores are mainly absorbing (see Figure
1b.iii) and where the spectral response of mc-Si is relatively
low (0.1−0.2 A W1−). Consequently, the discrepancy between
the “modeled” and the “real” PV devices’ reﬂectance spectra is
expected to have very little inﬂuence over the performance
metrics (Re, Jsc), utilized to evaluate and optimize the
collection eﬃciency of the newly proposed solar cell designs.
This aspect is highlighted by the close agreement between the
Re of the two devices (modeledPV cell and measuredmcSi PV cell), as shown in the inset of Figure 5a. Through the
subsequent ﬁtting of single-layer transparent thin-ﬁlms and
polymeric encapsulants onto the modeled PV cell, the
predicted electrical behavior of these modeled devices was
eﬀectively compared to their experimental counterparts.
The comparison between the electrical performances
exhibited by the modeled devices and those fabricated and
characterized experimentally is presented in Figure 5b. A small
divergence between the expected (modeled) and real-world
(experimental) performances of each iteration of the PV device
can be observed. The discrepancy in the Jsc is ranging from
−5.1 mA cm−2 (Figure 5bTiO2) to +3.5 mA cm−2 (Figure
5bmc-Si PV Cell) for the modeled devices.
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design of the encapsulation materials that are conventionally
employed in mc-Si modules to maximize the cooperative
interactions that can arise between the diﬀerent optical layers
that protect and insulate the PV module from the environment.
Nevertheless, the data generated throughout this comparison were used to recalibrate the short-circuit current density
generated in the subsequently modeled SE-device architectures. To ensure that the performance of the modeled SEdevices was in-line with a tangible improvement, a cautionary
adjustment of −5.1 mA cm−2 (the most severe divergence
reported in Figure 5b) was henceforth implemented in all of
the calculations involved. The application of the correction
factor enables the cumulative contribution of the loss
mechanisms available in an experimental scenario (some of
which are outlined above), to be included in the analysis
without the requirement of knowing the extent of their
individual contributions.
3.3. Structure-Enhanced Devices. 3.3.1. Structure-Enhanced LDS Devices. In the pursuit of highly eﬃcient LDS
devices, many diﬀerent conﬁgurations of optical thickness have
been reported in the literature, with values ranging from 5 μm
to 5 mm.2,3,15,60 Although none of the optical modes of
interaction that can take place between a luminophore and the
spectral irradiance were considered in the model, their
potential to restrict the underlying enhancement mechanisms
of the structure-enhanced designs proposed in this study was
integrated in the design criterion. Typically, the interaction
window of most luminescent materials utilized in LDS
applications is conﬁned to the 300−500 nm spectral window,
and consequently, the integration of ARCs designed to
minimize the reﬂections occurring at 600 nm (Figure 3a)
should not impede the functionality of the ﬂuorescent
compounds. Integrating a relatively thick PMMA layer can
determine the appearance of interactions between the
luminescent material embedded in the host polymer and the
incoming radiation.7 However, in this scenario, the embedded
luminophore(s) could be predisposed to aggregation processes, which can adversely aﬀect the photoluminescent
properties of the layer.7,53,54 Selecting a thinner PMMA layer
allows for a reduction in the amount of luminescent material
used, and additionally, it oﬀers an increased control over the
interactions between the embedded luminescent molecules.53−55 Therefore, using a thinner PMMA layer could
oﬀer more advantages of the design and could assist in
mitigating the drawbacks of the optically thick LDS devices.
Figure 6 presents the optical (Re) and electrical (Jsc)
performance of a PMMA-ﬁtted mc-Si PV as the modeled
thickness of the encapsulation is increased from 1 nm to 1 μm
using the computational approach presented earlier.
It can be observed that as the thickness of the PMMA layer
is varied from 1 to 150 nm, the polymeric layer behaves like an
ARC. Thus, a reduction in the Re (Figure 6black squares)
and enhancement in the photocurrent Jsc (Figure 6blue
circles) can be generated by the presence of the PMMA-device
on top of the pristine PV. These results were anticipated as the
presence of an additional thin-ﬁlm coating of comparatively
low refractive index (nPMMA ≈ 1.5) can expand the gradedindex proﬁle of the device. In turn, this leads to smaller light
losses at each optical interface. At intermediate thicknesses of
the PMMA layer (i.e., 0.150−0.500 μm) the change in the PV
performance is not as regular (Figure 6).
This variation in the PMMA layer optical behavior has its
roots in the shift from environments suitable for the coherent
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Figure 6. Eﬀective weighted average reﬂectance (Re) and short-circuit
current density (Jsc) as inﬂuenced by the thickness of the pristine
PMMA coating.

light propagation (analogous with thin-ﬁlm interference) to
circumstances that endorse the narrow-band oscillations in the
reﬂectance and transmittance spectra.35,56 Such conditions are,
typically, occurring when the polymeric encapsulation becomes
much “thicker” than the wavelength of the electromagnetic
radiation impinging the layer.35,56
These oscillations, typically named “incoherent interference
interactions”, are not often observed in practical measurements.56 As the thickness of the PMMA is increasing, the
ﬂuctuations introduced by the presence of the SE-devices are
attenuated (Figure 6). Enhancements of 35 and 20% were
obtained in the Re and Jsc, respectively, when a PMMA layer
with a thickness between 1 and 100 μm was employed. Hence,
two possible conﬁgurations of the PMMA layer were
integrated into the modeling of the SE-designs to maximize
the cooperative contribution brought by the constituent optical
elements of the SE-devices: a relatively thick (100 μm, see
Figure 7green triangles) and thinner (10 μm, see Figure 7
orange circles) PMMA layer.
The pristine mc-Si cell has an Re value of 0.35 (Figure 7a),
which translates into an optical collection eﬃciency of 65%
(Figure 7a). This implies that 65% of the impinging photons
are available to generate charge carriers in the photoconductive
material. This optical behavior translates into a Jsc of ∼19.6 mA
cm−2 in accordance with the spectral responsivity of the silicon
architecture. Fitting a PMMA encapsulant on top of the PV
cell leads to an additional 12% of the solar radiation being now
available to create charge carriers. This suggests that, in
comparison with the bare PV, the PMMA SE-device leads to a
33.1 ± 0.4% enhancement in the Jsc (Figure 7bPMMA SEdevice). It should be noted that this enhancement in the
collection eﬃciency does not contain the photons emitted by
the luminophore (or their plasmonic coupled equivalents), and
it arises only from the optical matching of the materials. This
suggests that, even in the absence of photoluminescence, an
increase in the performance of the mc-Si cell can be achieved
by encapsulating the structure in a PMMA ﬁlm with an optical
thickness of between 0.010 and 0.100 mm. Therefore, the
enhancement could be even larger if the modulated solar
spectrum contributions (arising through PLDS) will be also
included, but such a study is not within the object of the
present work.
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Figure 7. Enhanced eﬀective weighted reﬂectance (Re) (a,c) and the
short-circuit current density (Jsc) (b,d) as foreseen to be achieved
using two varieties of structure-enhanced (SE) layer designs (see
insets for the schematics): structures incorporating a single-layer ARC
(various materials being used) placed (1) above (a: Re, b: Jsc) or (2)
the PMMA layer. Two diﬀerent thicknesses (100 μm (green triangles)
and 10 μm (orange circles)) of the PMMA layer were modeled in the
initial designs. The error bars reﬂect the variability of the
improvement introduced by the thickness. The materials order
reﬂects the increase in the refractive index.

interference leads to an increase in the losses at the front
side of the device (Figure 7a). Therefore, when the graded
step-down refractive index relationship (i.e., (nPMMA< nARC <
nSi)) of the SE-device is altered, the antireﬂective properties of
the additional PMMA layer and ARC are canceled. This, in
turn, will lead to a negative enhancement (i.e., a decrease) in
the PV performance.
When the ARC is incorporated below the PMMA layer in
the SE-device design (see the inset in Figure 7d), the graded
step-down refractive index proﬁle (i.e., nPMMA< nARC < nSi) of
the device was preserved. Consequently, the presence of the
ARC contributed to an additional increase, when compared to
the PMMA SE-device, from 1% (Al-ZnOFigure 7c) to 12%
(TiO2Figure 7c) in the spectral irradiance reaching the PV
substrate. Besides these transmittance improvements, an
increase of 3 ± 0.9% (ITOFigure 7d) to 18.9 ± 3.6%
(TiO2Figure 7d) in the Jsc was observed, when compared to
the standalone PMMA SE-device. Moreover, another improvement of 0.1 to 0.3% in the Jsc was obtained by decreasing the
thickness of the polymeric encapsulation from 0.100 to 0.010
mm (Figure 7d). Furthermore, once the ARC thickness was
optimized, this SE-device maintained a 2.5% (ITOFigure
7d) to 13% (TiO2) increase in the maximum Jsc that was
delivered by the cell. Subsequently, the present results suggest
that the collaborative interactions among the optical
components (PMMA layer, Si substrate, and ARC) can be
maximized leading to an enhanced collection eﬃciency that
can be superior to that achieved with a classical LDS approach.
To achieve this, however, a careful consideration should be
given to the ARC composition and optical thickness of the
layers in an SE-device.

An increase in the reﬂection losses (Figure 7a) was observed
when a single-layer ARC was placed directly above the
polymeric encapsulation (inset of Figure 7b) into the SEdesign. This increase in the reﬂection losses was seen
independently of the material used for the ARC. This suggests
that in this type of device conﬁguration, where the transparent
ARC material has a refractive index lower than nPMMA ≈
1.5,57,58 the presence of the ARC disrupts the light interaction
with the SE structure. Thus, a single-layer ARC inserted above
the PMMA layer leads to a decrease in the harvested solar
energy from 4.5 ± 0.7% (Figure 7b, ZnO) to 30 ± 5.2%
(Figure 7b, TiO2) when compared to the PMMA SE-device
(Figure 7b, PMMA SE-device). This comportment of the
single-layer ARC within the SE structure is most probably due
to the eﬀective refractive index of the retroﬁtted SE structure
being larger than the refractive index of the mc-Si PV.35
Therefore, the reﬂections occurring at the optical interfaces
along the stratiﬁed SE-device lead to a decrease in the SEdevice eﬃciency to collect the incoming solar energy, when
compared to the unmodiﬁed PMMA SE-device.7 For thin
ﬁlms, the eﬀective refractive index can be considered as
resulting from the fact that a multilayered ﬁlm (unlike a
mixture of diﬀerent materials) often works as a single
homogeneous ﬁlm, i.e., it exhibits an eﬀective refractive index
diﬀerent from the individual refractive indexes of its
constituents.7,35,56 When the condition nPMMA< nARC < nSi is
broken, the ﬁxed-phase relationship (due to the optical
interfaces within the stratiﬁed architecture) between the
multiple reﬂections cannot sustain the occurrence of the
destructive interference.35,56 Instead, both constructive and
destructive interference are occurring. The constructive

4. CONCLUSIONS
A series of highly transparent antireﬂection coatings were
investigated in order to be exploited in conjunction with the
optical properties of conventional LDS and PLDS layers built
upon a monocrystalline-silicon photovoltaic cell to enhance the
energy conversion. The capability to tune the optical
properties of the standalone single-layer antireﬂection coatings
was theoretically explored (and experimentally tested) in
response to changes in the eﬀective refractive index and the
optical thickness of the coating. The associated inﬂuence of
each iteration of the supplementary optical structures on the
conversion eﬃciency of the PV cell was investigated, and the
optimal design criteria for this type of structure-enhanced (SE)
device were identiﬁed. Through a combination of experimental
and theoretical approaches, the reﬂectance spectra of the
individual components of the SE-device (the PMMA layer, the
Si substrate, and the thin-ﬁlm (ARC) component) were
accurately predicted within the modeling environment.
Comparing the corresponding short-circuit current density
generated within these modeled and experimental devices
enabled the performance output of the model to be directly
correlated and adjusted with the performances achieved under
real-world laboratory conditions. As a result, the encapsulation
of the pristine mc-Si PV device with a 10−100 μm thick
PMMA coating predicted a 33.5 ± 0.4% increase in the
collection eﬃciency, as inferred through the Jsc. This improved
collection performance occurred even when only the PMMA
layer was used in the modeled optical system. Hence, this can
suggest that the energy harvesting potential of the system
could potentially be further improved by the modulation of the
solar irradiance, which can occur by inserting luminophores or
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metal nanoparticles (i.e., via LDS or PLDS layers, respectively). Through the modeled integration of a single-layer ARC
into the SE-device, an additional 2−22.5% enhancement in the
predicted collection eﬃciency was achieved. Downsizing the
PMMA layer from a thickness of 100 to 10 μm in the SEdevice also assisted in promoting an additional 0.1−0.3%
increase in the enhancement. Furthermore, the collection
eﬃciency of the SE-device is predicted to outperform an ARCﬁtted mc-Si cell by 2.5−13% when the ARC consists of the
same optical materials. Consequently, through correspondingly
ﬁne-tuning the structural element in the SE-devices, the
photocurrent generated within a conventional mc-Si cell is
predicted to have a 6.7−11.4 mA cm−2 increase only through
optical matching of the construction materials. The divergence
in the optical response of the two SE-device designs envisioned
facilitated the development and reﬁnement of an initial set of
design considerations for this type of architecture. Although
the optical parameters of the ARCs employed in the SEdevices were optimized for an aluminum back-surface-ﬁeld Si
PV cell, the parameters (optical thickness and refractive index)
can diﬀer depending on the spectral responsivity of the
underlying photovoltaic material upon which the device is
constructed, but the method proposed in this study can be
easily modiﬁed to be applied to any PV device.
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conﬁgurations of the structure-enhanced photovoltaic
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